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Beneath the northern foreland of the Central Alps deep crustal earthquakes up to magnitude 4 regularly
occur in the continental lithosphere. At 20 km to 30 km depths, where most of these earthquakes
are located, temperatures above 450 ◦C are expected. This leads to a more ductile rheology of the
lower continental crust. To better understand occurrence and underlying processes of these unusual
earthquakes, we homogenize and improve hypocenter locations of events in the period 1984 to 2012
using a high-precision multi-phase earthquake location method in combination with a reliable three-
dimensional P-wave velocity model of the crust and uppermost mantle. With the new approach, the
average uncertainty in focal depth of well-locatable earthquakes is less than ±1 km. The homogeneously
relocated hypocenters suggest a relatively uniform depth distribution throughout the lower crust. In
agreement with previous studies, seismicity is entirely restricted to the crust and no evidence for
seismicity in the mantle lithosphere beneath the northern Central Alpine foreland was found. The
geographical distribution of lower crustal earthquakes in the foreland correlates remarkably well with
the lateral extent of the European slab beneath the Central Alps where it is still attached to the European
lithosphere. In addition, the directions of extensional axes derived from focal mechanisms of the deep
crustal earthquakes are predominantly parallel to the Alpine front. This consistency of extensional axes
can be interpreted as the result of the transferred buoyancy force of the lower crust in the subduction,
transformed to a compressional force in the foreland perpendicular to the Alpine front. Existing 2-D
thermo-mechanical models predict such viscous bending and stress transfer to the foreland. In our
proposed model, the anomalously deep crustal seismicity is driven by stresses transferred into the
foreland interrelated with the exhumation of the crust form the orogenic root caused by the rollback
of the European lithosphere.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
In the northern Alpine foreland of Switzerland the peculiar
occurrence of lower crustal earthquakes in the continental Eu-
ropean lithosphere has long been observed and intensively dis-
cussed (Deichmann and Rybach, 1989; Deichmann, 1992; Kissling
et al., 2006a; Meissner and Kern, 2008). In February 2012, a
magnitude 4.2 earthquake located just above the crust-mantle
boundary (Moho) at 32 km depth resumed the discussion about
the origin of the lower crustal seismicity in the foreland of the
Alps. Since 1984 more than 470 earthquakes were located in
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0012-821X/© 2014 The Authors. Published by Elsevier B.V. This is an open access articlethe lower crust within 15 km of the Moho with an average
local magnitude of 2 and a maximum magnitude of ML 4.2.
These deep crustal earthquakes are concentrated in the north-
ern foreland of the Central Alps and are absent south of the
Alpine front (Deichmann et al., 1999). Beneath the northern fore-
land of the Western and Eastern Alps little evidence for the
occurrence of lower crustal seismicity exists (Fig. 1). Although
most of the lower crustal earthquakes are relatively small events
(ML ≤ 2), their occurrence and spatial distribution give important
insights into the rheologic and dynamic processes of the European
lithosphere, engaged in the Alpine continent–continent collision.
An understanding of the dynamic processes of the collision and
its implication for the predominant tectonic stresses is essential
for the seismic hazard assessment in the northern Alpine fore-
land.under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56 43Fig. 1. Distribution of lower and upper crustal seismicity in the Alpine region as reported by the EMSC catalog for the period of 1998 to 2011. (a) Lower crustal seismicity:
Earthquakes located within 15 km of the Moho are shown as circles with color indicating focal depth. The hypocenter location of the Zug earthquake on February 24, 2012
was determined by the Swiss Seismology Service (blue circle with dotted black outline). Contour lines indicate Moho depth (km) of the European respectively the Adriatic
lithosphere (Wagner et al., 2012). The dotted line indicates the Rhine Graben, the dashed line the northern Alpine front (Helvetic front) and the dot-and-dashed line the
extent of the Jura Mountains. IL: Insubric Line; PL: Periadriatic Line. (b) Corresponding upper crustal seismicity distribution (focal depth < 20 km and hypocenter distance to
the Moho >15 km).In the continental lithosphere the seismicity is generally con-
ﬁned to the brittle upper crust (Chen and Molnar, 1983; Chen,
1988; Maggi et al., 2000a; Scholz, 2002; Jackson, 2002). Earth-
quakes located in the lower crust like in the northern Alpine fore-
land or even in the mantle lithosphere outside subduction zones
are rare. Besides the Alps such deep crustal earthquakes were
recorded beneath the Tien Shan, northern India, East Africa, along
the Oman Line (Maggi et al., 2000b) or Mongolia–Baikal (Jackson et
al., 2008). From laboratory experiments, the key controlling factor,
determining whether deformation of the lower continental crust
is brittle or ductile is temperature (Chen et al., 2012). The sup-posed upper temperature limit for the brittle crust is around 300
– 400 ◦C and around 600 – 700 ◦C for the mantle (Chen et al.,
2012). At 20 km to 30 km depths where most of the lower crustal
earthquakes in the northern Alpine foreland occur, however, higher
temperatures and a ductile rheology are expected (Deichmann and
Rybach, 1989; Okaya et al., 1996). In contrast, Holliger and Levan-
der (1994) and Meissner and Kern (2008) proposed a strong Eu-
ropean lower crust based on a ‘corset model’ of thin maﬁc to
ultramaﬁc, sill-like intrusions to explain both the high-reﬂectivity
of the laminated lower European crust and its seismicity. The dis-
tinct geographical distribution of these earthquakes and the origin
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The orientation of the regional stress ﬁeld of the northern foreland
of the Central Alps is dominated by an arc-parallel extension (ENE–
WSW) and arc-perpendicular compression (NNW–SSE) (Delacou et
al., 2004; Kastrup et al., 2004). Within the orogen belt of the Cen-
tral and Western Alps, the stress pattern is different with a dom-
inant arc-perpendicular extension and thus predominant normal
faulting (Sue et al., 1999; Delacou et al., 2004; Sue et al., 2007b;
Marschall et al., 2013).
The occurrence of high-pressure ﬂuids as an explanation for the
observed lower crustal seismicity were suggested by Deichmann
and Rybach (1989), Deichmann (1992). Nevertheless, the reason for
the release of such ﬂuids peculiar in this region of the northern
Alpine foreland remains unclear. An association with the Alpine
orogeny would imply that ﬂuids are presented as well in the
crustal root of the Alps. Consequently, lower crustal earthquakes
are expected to occur behind the northern Alpine front beneath
the Alps, but no observation of lower crustal seismicity exists in
this region (Fig. 1a). Although, ﬂuid overpressure might be well
causing seismic swarm activity in the upper crust (Leclère et al.,
2013) and may play a general role in the generation of lower
crustal earthquakes, its role as primary source for the anomalous
lower crustal seismicity in a speciﬁc subregion of the northern
Alpine foreland remains purely speculative.
Hypocenter locations in the earthquake catalog of the Swiss
Seismological Service have been routinely derived with different
location algorithms and velocity models. The assessment of lo-
cation uncertainties are non-consistent and the precision varies
strongly. As a consequence, the focal depth distribution of events in
this catalog is relatively diffuse, in particular for the lower crustal
seismicity in the northern Alpine foreland. It is unclear whether
the large vertical scattering is due to systematic uncertainty varia-
tions or different location methods. In any case, the depth distribu-
tion of hypocenters is important in the assessment of underlying
processes, like metamorphic reactions or stress concentrations. Fur-
thermore, considering the rheological differences between lower
crustal and uppermost mantle, earthquake locations above or be-
low the Moho are essential. Hence, accurate and precise hypocen-
ter locations with a uniform uncertainty assessment are needed for
all recorded lower crustal earthquakes. To obtain improved and ho-
mogeneous hypocenter locations, we apply the new high-precision
multi-phase earthquake location method of Wagner et al. (2013).
This location algorithm includes a realistic 3-D seismic velocity
model for the Central Alps and, in particular, the 3-D topography
of the Moho in combination with multi-phase ray-tracing of ﬁrst
and later arriving crustal phases.
In this study, we ﬁrst summarize the high-precision 3-D multi-
phase earthquake relocation method of Wagner et al. (2013). This
approach is then applied to the heterogeneously located earth-
quake catalog of the Swiss Seismological Service (ECOS-09 with an
extension to 2012). The newly derived distribution of focal depths
and characteristics of focal mechanisms are analyzed with respect
to large-scale lithosphere structures. We propose an anomalously
high tectonic stress in the lower crust of the northern foreland of
the Central Alps as the primary reason for the peculiar occurrence
of lower crustal seismicity in this region. Finally we compare our
model with recently published 2-D numerical continent–continent
collision models (Duretz and Gerya, 2013).
2. High-precision multi-phase earthquake relocation in a 3-D
velocity model
The correct identiﬁcation of ﬁrst and later arriving seismic
phases in seismogram records adds important constraints on the
earthquake location problem (e.g. Deichmann, 1987; Quin and
Thurber, 1992; Engdahl et al., 1998; Wagner et al., 2013). Forinstance, earthquakes can be unambiguously identiﬁed as crustal
events if Pg (direct), PmP (Moho-reﬂected) and Pn-phases (criti-
cally refracted at the Moho) are observed in travel-time reduced
record sections (Fig. 2) (Diehl et al., 2009b). To accurately deter-
mine the focal depth of local and regional earthquakes, differential
times between crustal phases like Pg and PmP or Pg and Pn can
be used (e.g. Garcia Fernandez and Mayer-Rosa, 1986; Deichmann,
1987; Kastrup et al., 2007; Wagner et al., 2013). To make use of
these later arriving P-phases in an earthquake location algorithm,
forward solvers have to be extended to precisely trace PmP and Pn
ray-paths in complex elastic media. The computation of realistic
PmP and Pn travel times also requires reliable knowledge of Moho
topography and the presence of a ﬁrst-order discontinuity in the
seismic velocities across the Moho. Such a sharp velocity gradient
is commonly not present in 3-D models derived from standard lo-
cal earthquake travel-time tomography due to constraints in the
parameterization of the inversion grid (e.g. Kissling et al., 2001;
Husen et al., 2003).
A crustal 3-D P-wave velocity model appropriate for the precise
forward calculation of Pg, Pn and PmP travel times in the Alpine
region was compiled by Wagner et al. (2012) by combining mod-
els from local earthquake tomography (LET) (Diehl et al., 2009a)
and controlled source seismology (CSS) (Waldhauser et al., 2002).
The combination of both models, including the interpolation of the
Moho interface for the entire model space, results in an improved
3-D Moho topography of the Alpine region and a 3-D P-wave ve-
locity model with a ﬁrst-order discontinuity at the Moho (Wagner
et al., 2012). Seismic velocities are deﬁned on a 2 km vertically
and horizontally spaced grid and travel-time tables for Pg, Pn and
PmP phases are calculated for each seismic station using the mul-
tistage Fast Marching Method (FMM) with separate computational
domains (Rawlinson and Sambridge, 2004).
The earthquake location problem is solved by a nonlinear, prob-
abilistic approach implemented in the NonLinLoc algorithm (http:
//alomax.free.fr/nlloc/), which was extended to the proposed multi-
phase inversion (Wagner et al., 2013). NonLinLoc determines a
complete probabilistic solution of the location problem including
a posterior probability density function (PDF) of the earthquake
hypocenter location. The PDF of the location solution includes un-
certainties due to observation errors, geometric distribution of the
seismic stations and calculation errors of the predicted travel times
(Lomax et al., 2000). To determinate the PDF a 3-D global search
algorithm is applied. As a misﬁt function we used the equal dif-
ferential time function with origin time weighting (EDT-OT-WT)
together with the Oct-tree Importance Sampling as a search al-
gorithm. The EDT-OT-WT misﬁt function is robust and less sen-
sitive in the case of outliers compared to the L2-misﬁt function
(Lomax, 2005). Since secondary phases outliers are more likely due
to misidentiﬁcation a robust misﬁt function like the EDT-OT-WT is
needed.
For the relocation with the multi-phase procedure of Wagner
et al. (2013) all picked phases require an exact identiﬁcation
(Pg, Pn or PmP). If Pg-phases are identiﬁed in combination with
Pn- or PmP-phases the earthquake source can be preliminary de-
termined above the Moho; this limits the search volume to the
crust. Earthquake location algorithms using the ﬁnite difference
(FD) forward solver, assume any pick as the ﬁrst arriving phase.
If these picks are used in combination with models lacking a ﬁrst-
order discontinuity at the Moho, hypocenters can be mistakenly
located beneath the Moho in the mantle lithosphere despite clearly
identiﬁed Pg- or PmP-phases. For the relocation of lower crustal
seismicity we used only P-phase arrivals and no S-phases. To in-
clude S-phase arrivals in the hypocenter determination an S-wave
velocity model with a resolution comparable to the 3-D P-wave
velocity model would be required. Such an S-wave model, how-
ever, is not yet available. Furthermore, a constant Vp/Vs – ratio is
J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56 45Fig. 2. Identiﬁcation of main crustal P-phases with travel-time reduced record sections. (a) Map of seismic stations with routinely picked P-phases by the Swiss Seismological
Service for the Zug earthquake on February 24, 2012 at 00:32 (UTC) with ML 3.5 at 32 km depth. Epicenter is indicated with star. Stations with phase picks not shown in (b)
are shown with gray colors. Black contour lines represent the Moho depth (km) of the European respectively Adriatic plate (Wagner et al., 2012). (b) Velocity reduced record
section. The crustal reduction velocity is 5.9 km/s. Synthetic travel time curves for Pg (dotted), Pn (dashed) and PmP (dashed) are based on a simpliﬁed 1-D lithospheric
model with Moho depth at 34 km. For the synthetic Pn-travel time curve an average mantle velocity of 8 km/s is used. The crustal P-wave velocity in the model is 5.9 km/s
like the reduction velocity. For this event no PmP-phase picks were used for the localization. (c) Schematic diagram of travel time paths of main crustal P-phases from a
lower crustal earthquake.
46 J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56Fig. 3. Density scatter plot of PDF (Lomax et al., 2000) of the lower crustal Zug earthquake of February 24, 2012. Black dots show newly derived high-precision location and
gray dots show the routinely derived location with using ﬁnite different forward-solver and a 3-D velocity model without a ﬁrst-order discontinuity at the Moho (Husen
et al., 2003). The black and white stars present the maximum likelihood hypocenter location and black/white circles the Gaussian estimate of the hypocenter locations.
Black/gray lines indicate the projection of the 68 % conﬁdence ellipsoid. The minimum Moho depth uncertainty of ±3 km is shown by the striated area. Thin black line
marks Moho depth at newly derived epicenter location and black dashed line bottom of the Oct-tree search volume at this epicenter location.not appropriate for the Alpine region to deﬁne an S-wave model
with comparable resolution. The Vp/Vs – ratio varies signiﬁcantly
between different tectonic units along the Alpine arc (Lombardi et
al., 2008).
In Fig. 3 an example of the PDF of a relocated lower crustal
earthquake is shown using the new multi-phase location method
of Wagner et al. (2013). The earthquake occurred close to the city
of Zug (Fig. 2a) on February 24, 2012 with a local magnitude of 3.5.
Compared to the routine location of the Swiss Seismological Ser-
vice (SED) without a ﬁrst-order discontinuity in the 3-D velocity
model at the Moho and an FD forward-solver (Husen et al., 2003),
the precision with respect to the Moho of the hypocenter improve
signiﬁcantly (Fig. 3). Although the number of phase observations is
high (75 phases) and the azimuthal station coverage is very good
for the routine SED location (azimuthal gap in station coverage is
21◦), the new multi-phase location using fewer phases (46 iden-
tiﬁed P-phases) and a larger azimuthal gap in station coverage of
38◦ still exhibits a higher precision in focal depth (less than 1 km)
and epicenter (Fig. 3). The epicenter is slightly shifted westwardsby around 1 km and the focal depth is located around 1 km above
the SED routine hypocenter (Fig. 3).
3. Lower crustal seismicity in the northern Alpine foreland
3.1. Earthquake relocations
In total our earthquake catalog covers the period between Jan-
uary 1984 and September 2012 and combines the earthquake cat-
alog of Switzerland (ECOS-09) (Fäh et al., 2011) and additional
earthquakes after 2008 from the SED earthquake bulletin. It con-
tains 471 lower crustal earthquakes within 15 km of the Moho sur-
face (Wagner et al., 2012). The combined catalog is denoted ECOS-
09(12) in the following. The thickness of the European lower crust
is assumed to be about 12 km as suggested by a characteristic
band of high-reﬂectivity in the European crust extended from the
Alps towards the northern foreland (Holliger and Kissling, 1992;
Ye et al., 1995). The 15 km wide band used for the selection
accounts for potential errors in focal depths and includes lower
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crust by the ECOS-09(12) catalog.
From the 471 initial lower crustal events, 152 well-locatable
earthquakes, with a maximum azimuthal gap in station coverage
of 180◦ and a minimum of 10 P-phase picks in the ECOS-09(12)
location have been selected for the further relocation. For the 152
selected events we revised the identiﬁcation of P-phases with the
help of reduced record sections (e.g. Deichmann and Rybach, 1989;
Diehl et al., 2009a) as demonstrated in Fig. 2. For each crustal
P-phase (Pg, Pn and PmP) a characteristic reduced-travel-time
curve exists as shown in Fig. 2b and corresponding phase picks
align along these curves. Obvious misidentiﬁcations of phase picks
outside the triplication zone (Fig. 2b) can be corrected and other-
wise unknown phase picks identiﬁed. To account for the dipping
Moho (Wagner et al., 2012) and its inﬂuence on Pn and PmP
travel times, we used reduced record sections with different az-
imuthal coverage to simplify the revision of P-phase picks (Fig. 2).
If required we re-identiﬁed P-phases. We did not, however revise
the timing of P-phase arrivals reported in the SED bulletin data,
nor did we add additional P-phase picks. Altogether the revised
earthquake data show 1687 Pg-phases, 840 Pn-phases and 36 PmP-
phases. All earthquakes show direct (Pg) and refracted P-phases
(Pn) or even secondary P-phases such as PmP. Therefore, all 152
well-locatable earthquakes are of crustal origin and none of them
occurred in the European mantle lithosphere.
Only ﬁve non-well-locatable events are located in the Euro-
pean mantle lithosphere in the ECOS-09(12) catalog by other lo-
cation methods (e.g. FD travel time computation using a 3-D
P-wave model, Husen et al., 2003), with several kilometers of un-
certainties in the focal depth. In combination with a minimum
uncertainty of ±3 km in the Moho depth (Wagner et al., 2012;
Waldhauser et al., 1998) these events can also be located in
the crust as documented by Diehl et al. (2009a). The general
observation of an aseismic European mantle agrees with ear-
lier studies (e.g. Deichmann and Rybach, 1989; Deichmann, 1992;
Diehl et al., 2009a).
With the re-identiﬁed P-phase arrivals of the 152 earthquakes
we then relocated the events with the new multi-phase loca-
tion procedure implemented in the NonLinLoc software (Wagner
et al., 2013) to obtain high-precision hypocenters. The quality of
the hypocenter solution was assessed by the heterogeneity of the
location PDF (Lomax et al., 2000). Earthquakes were not taken into
account for our best-locatable earthquake catalog when one or
more of the following criteria apply: the PDF exhibits several local
maxima; distance between expected and the maximum likelihood
location (Lomax et al., 2000; Husen et al., 2003) exceeds 4 km; an
unusually large extent of more than 10 km in the 68 % conﬁdence
ellipsoid of the PDF; or a scatter volume of the PDF greater than
several km3.
Finally, the newly derived catalog of lower crustal seismicity
includes 104 best-locatable lower or middle crustal earthquakes
beneath the northern foreland of the Central Alps. Compared to
the ECOS-09(12) catalog, the newly derived 104 hypocenters differ
on average by about ±1.1 km and do not show a systematic shift,
neither in epicenter nor in focal depth. All events are conﬁned to
the European lower or middle crust.
Fig. 4a shows the epicenters of the relocated earthquakes. Al-
though the catalog of relocated lower crustal earthquakes contains
only about 20 % of the lower crustal seismicity reported in the
ECOS-09(12) catalog, the characteristics in the spatial distribution
are comparable. The majority of lower crustal seismicity is clus-
tered in the eastern and central Swiss Alpine foreland and at the
southern end of the Rhine Graben. Towards the Western Alps, seis-
micity in the lower European crust diminishes and magnitudes are
generally smaller. To the Southeast, the lower crustal seismicityreaches the maximum depth of 33 km and abruptly ends at the
Alpine front (Figs. 4a and 4b).
In some regions in the foreland the lower crustal earthquakes
tend to occur in spatial clusters like in the region of Zug (Figs. 4a
and 4b), as observed in earlier studies (Deichmann, 1992). Be-
fore the ML 4.2 Zug earthquake on February 11, 2012 other lower
crustal earthquakes occurred in this area with similar hypocenter
locations, like the ML 3.2 earthquake on October 23, 1997 at 32 km
depth. Other than these clusters at varying depths and distance
to the Alpine front (Figs. 4a and 4b), neither streaks of seismic-
ity nor clustering at certain depth contours indicating a bimodal
distribution within the lower crust were imaged by the relocated
earthquakes (Fig. 4b). Furthermore, Ye et al. (1995) and Diehl et al.
(2009a) showed that the P-wave velocity in the lower crust is in
general homogeneous beneath the northern foreland of the Cen-
tral Alps and neither the focal depth distribution nor the lateral
distribution of the lower crustal seismicity can be correlated with
certain P-wave velocity changes.
The major improvement resulting from the application of the
systematic multi-phase relocation procedure compared to routinely
used methods is the homogeneous and consistent location ap-
proach and the high-precision determination of focal depths, com-
parable now to the epicenter precision. Most of these earthquakes
have a vertical uncertainty, measured from the vertical projection
of the 68 % conﬁdence interval of the location PDF, of less than
±1 km similar to the epicenter uncertainties (Fig. 5).
The derived precision in focal depths allows a resolution of
2 km to analyze the seismicity-depth distribution. Generally, the
focal depth distribution of the relocated hypocenter locations sug-
gest a rather uniform focal depth distribution throughout the lower
crust relative to the 3-D Moho model of Wagner et al. (2012), but
with a distinct peak at 10 km to 12 km above the Moho (Fig. 6).
This layer of enhanced seismicity can be interpreted as the tran-
sition zone between upper and lower crust (Conrad discontinuity),
a potentially weakness zone in the crust favoring brittle failure.
A similar peak in seismicity, however, at 8 km to 10 km above
the Moho is also apparent in the subset of well-constrained ECOS-
(09)12 locations (Fig. 6).
3.2. Focal mechanisms
The tectonic stress regimes and possible differences between
upper and lower crust are derived from the analysis of available
earthquake focal mechanisms published by Kastrup et al. (2004),
Deichmann (2012), Marschall et al. (2013) and Diehl et al. (2013).
We compared the style of faulting and the orientation of P- and
T-axes in the upper and lower crust. The compiled catalog of fo-
cal mechanisms comprises 119 solutions of earthquakes between
1976 and 2012 for the northern foreland of the Central Alps,
which yield a suﬃcient number of ﬁrst motion polarities of P-
wave and azimuthal distribution on the focal sphere to unambigu-
ously determine the fault planes. All focal mechanisms have been
deduced from ﬁtting P-wave ﬁrst-motion polarities with take-off
angles either derived from 2-D ray-tracing of Pg- and Pn-phases
(e.g. Garcia Fernandez and Mayer-Rosa, 1986; Deichmann, 1987;
Deichmann and Rybach, 1989) or FD ray-tracing using a 3-D P-
wave model (Husen et al., 2003). As hypocenter locations differ
less than 1.1 km and the velocity model is identical in the source
region, differences in take-off angles between the compiled focal
mechanism earthquake catalog and our newly-derived hypocenters
are negligible.
Within the focal mechanism catalog 51 mechanisms are lo-
cated in the lower crust (distance to Moho ≤ 12 km) and 68
located in the upper crust (distance to Moho > 12 km) of the
northern Alpine foreland of the Central Alps. In Fig. 7a all mech-
anisms are shown as beach-ball symbols color-coded by distance
48 J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56Fig. 4. Hypocenter map of relocated lower crustal earthquakes compared to hypocenters of the ECOS-09(12) catalog. (a) Map with relocated high-precision epicenter distri-
bution of well-constrained lower crustal earthquakes (colored) and their corresponding ECOS-09(12) locations (black squares connected with black lines to newly derived
epicenters). All earthquakes of the ECOS-09(12) located within 15 km of the Moho are shown as open squares with same magnitude scale like the circles. Black contour lines
represent the Moho depth (km) of the European lithosphere (Wagner et al., 2012). Contour interval is 2.5 km. The northern Alpine front (Helvetic front) is indicated with
the dashed line, the Rhine Graben is outlined by the dotted line and the Jura Mountains by the dot-and-dashed line. (b) Vertical cross-section approximately perpendicular
to the strike of the Central Alps as indicated in map view. Colored circles represent relocated hypocenters connected to the corresponding ECOS-09(12) locations (black solid
squares) with a line. Uncertainties in focal depths are presented with vertical error bars for each relocated hypocenter. Open squares represent all remaining lower crustal
earthquakes within 12 km distance to the Moho of the ECOS-09(12) catalog but not included in the newly derived earthquake catalog. With transparent gray circles all other
earthquakes of the ECOS-09(12) catalog within 45 km distance to the proﬁle line are shown. The striated areas around the Moho (solid black line) represent the minimum
±3 km uncertainty of the Moho depth (Waldhauser et al., 1998; Wagner et al., 2012).to the Moho. Between the upper and lower crust no major dif-
ferences in focal mechanisms appear, strike-slip mechanisms are
dominated throughout the crust with a compressional orienta-
tion consistent with the characteristic regional stress ﬁeld in the
Alpine foreland (NNW–SSE and an ENE–WSW oriented extension)
(Delacou et al., 2004; Kastrup et al., 2004). Besides these strike-
slip mechanisms a signiﬁcant number of earthquakes in the up-per and lower crust (∼10 %) indicates normal faulting mecha-
nisms.
Although normal faulting and strike-slip mechanisms have
in principle different fault planes, the underlying tectonic stress
regime for both mechanisms is similar for the extensional T-axes.
The orientation of these T-axes is consistent with the regional
ENE–WSW trend in the northern foreland of the Central Alps
J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56 49Fig. 5. Histograms of uncertainties of relocations shown in Fig. 4a projected onto
(a) longitude, (b) latitude and (c) focal depth. Uncertainties in hypocenter locations
(longitude, latitude and depth) correspond to the projection of the 68 % conﬁdence
ellipsoid of the posterior probability density function (PDF) as demonstrated in the
lower right corner for longitude and depth.
Fig. 6. Histogram of focal depths relative to the Moho depth beneath each event.
Colored stacks on the left show the high-precision relocated catalog. On the right,
the distribution of the ECOS-09(12) is shown in gray for all events of the ECOS-
09(12) catalog and with black stripped stacks for those corresponding to the relo-
cated events shown on the left. The lower-upper crustal boundary, indicated with
the red dashed line, is deﬁned at 12 km above the Moho (Holliger and Kissling,
1992).
(Fig. 7b, right). Only the compressional P-axes of the normal fault-
ing events differ in azimuth and plunge from the ones seen in the
strike-slip mechanisms. Azimuth and plunge of the P-axes show a
higher variability (Fig. 7b, left) compared to the T-axes throughout
the crust (Fig. 7b, right). In contrast to the similarity in focal mech-
anisms for the upper and lower crust, the corresponding T-axes
of the normal and strike-slip faulting mechanisms have a higher
consistency in azimuth and plunge in the lower crust than in the
upper crust (Fig. 7b, right). This trend is also observed for the az-
imuth of the P-axes in Fig. 7b, however, not for the plunge of
the P-axes (Fig. 7b). In general, focal mechanisms of lower crustal
earthquakes show greater consistency in the T- and P-axes com-
pared to the more variable axes of focal mechanisms in the uppercrust. The high consistency of the extensional T-axes is a predom-
inant feature of all focal mechanisms throughout the crust, but is
especially pronounced for events in the lower crust.
3.3. Lower crustal seismicity and its geographical relation to the Alpine
lithospheric structure
The high-resolution teleseismic tomography of Lippitsch et al.
(2003) has imaged a strong non-cylindrical lithospheric slab struc-
ture within the upper mantle beneath the Alpine arc, with op-
posing subduction zones in the Eastern Alps and Western–Central
Alps (Fig. 8a). Beneath the Central Alps the slab rollback of the Eu-
ropean lithosphere controls the large-scale lithospheric dynamics
(Kissling, 2008). In the Western Alps, the European mantle litho-
sphere slab is already detached (Fig. 8a) (Lippitsch et al., 2003;
Kissling et al., 2006b; Kissling, 2008). Towards the northeast of
the Western Alps, Champagnac et al. (2007) and Serpelloni et al.
(2013) suggest that the subsequent increase in surface topography
and erosion rates can be correlated with the recent isostatic re-
bound of the lithosphere. In addition, widespread extension in the
internal zone of the Western Alps was documented by focal mech-
anisms of earthquakes and GPS measurements (Sue et al., 2007a)
and related to a slab break-off (Sue et al., 2007b). This includes a
possible tear propagation of the slab detachment in this region as
shown in by the upper mantle structure in Fig. 8a.
To compare the entire geographical distribution of lower crustal
seismicity in the northern foreland of the Alpine arc with the
large-scale lithospheric structures, we analyzed focal depths re-
ported in the regional earthquake catalog of the European-
Mediterranean Seismological Centre (EMSC). The EMSC catalog in-
cludes earthquakes over a 13 year period from January 1, 1998 to
July 31, 2011. The EMSC collects source parameters and phase picks
of 65 seismological networks in Europe and automatically merges
this data to produce automatic locations using 53 local velocity
models provided by the local networks (Godey et al., 2006). As a
consequence of the location approach of the EMSC catalog, we ex-
pect hypocenters to be determined less precisely compared to our
relocations in the northern foreland of Switzerland. Nevertheless,
the EMSC earthquake catalog allows a qualitative summary of the
regional distribution of lower crustal seismicity in the northern
foreland of the Alpine arc.
The clustering of lower crustal seismicity in eastern Switzerland
is also apparent in the EMSC catalog (Fig. 8a). To the West, lower
crustal earthquakes in the northwestern foreland of the Western
Alps are rare. East of 10◦E, towards the northern foreland of the
Eastern Alps the lower crustal seismicity shuts down. Generally,
the occurrence of lower crustal earthquakes in the northern fore-
land correlates well with the gently to steeply dipping European
slab beneath the Central Alps (Fig. 8b, middle) with the exception
of the seismicity in the Rhine Graben region (Fig. 8b, left). The
Rhine Graben is an extensional graben structure in central Europe
with a pronounced crustal and lithosphere thinning (Dèzes et al.,
2004) and pre-existing deep faults, which dates from the end of
rifting in the early Miocene while volcanism continued until as re-
cently as 14 Myr ago (Wilson and Downes, 2006).
4. Discussion
4.1. Lower crustal seismicity in the Central Alps
The occurrence of lower crustal earthquakes in the northern
Alpine foreland and their source properties provide important
insights into the mechanical strength of the continental litho-
sphere as intensively discussed for other orogenic regions by
Maggi et al. (2000b), Jackson (2002) and Jackson et al. (2008).
50 J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56Fig. 7. Focal mechanisms in the greater region of Switzerland and their corresponding orientation of the P-/T-axes. (a) Map of focal mechanisms of lower crustal earthquakes
with fault plane solutions (lower hemisphere, equal area projections) (Kastrup et al., 2004; Deichmann, 2012; Marschall et al., 2013; Diehl et al., 2013). Colored focal
mechanisms correspond to earthquakes in the northern Alpine foreland and are analyzed in detail in (b). Gray focal mechanisms represent earthquakes in the upper crust
where the Moho depth is deeper than 37.5 km or less than 27 km and therefore outside the northern Alpine foreland of the Central Alps. Contour lines represent the Moho
depth (km) of the European and the Adriatic lithosphere (Wagner et al., 2012). (b) Orientation of P-/T-axes of colored focal mechanisms shown in (a). On the left side,
azimuth and plunge of the P-axes with distance to Moho. Colors indicate the Moho depth at the epicenter of each earthquake. On the right side, azimuth and plunge of the
respective T-axes of the focal mechanisms. Azimuths of P-/T-axes larger than 180◦ are corrected by 180◦ to avoid a bias in the azimuth orientation. All focal mechanisms are
double couple solutions. Solid dots represent well-constrained P-/T-axes (quality class 1) and circles focal mechanisms which are less well-constrained (quality class 2).Besides information on the strength and rheologic behavior of the
lithosphere, the presence or absence of earthquakes are funda-
mental observations to assess dynamics and tectonic stresses in
a continent–continent collision. Based on the systematic reassess-
ment of deep earthquakes in the northern Alpine foreland includ-
ing a consistent uncertainty determination with a high-precision
multi-phase location method (Wagner et al., 2013), we can re-
strict all well-locatable earthquakes to the crust and conﬁrm the
uncommon lower crustal seismicity in the European continental
lithosphere beneath the northern foreland of the Central Alps.
Previous studies of Deichmann (1992) and Deichmann and Ry-
bach (1989) with a limited number of lower crustal earthquakesin the northern foreland recorded between 1984 to 1990 ex-
plained brittle failure in the lower crust with the existence of
high-pressure ﬂuids under near-lithostatic pressure. Although ﬂuid
overpressure might play a role in the generation of lower crustal
earthquakes, its role as primary cause for the anomalous seis-
micity in a speciﬁc subregion of the northern Alpine foreland re-
mains speculative. Based on a tectonic-petrological study, Holliger
and Levander (1994) and Meissner and Kern (2008) proposed a
‘corset model’ representing the mechanics of the lower continental
crust to explain both the high-reﬂectivity of the laminated lower
European crust and the apparent contradiction between the ex-
istence of earthquakes in a hypothetically rather ductile and weak
J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56 51Fig. 8. Lower crustal earthquakes (black circles), Moho topography (white contour lines) and changes in P-wave velocities in the upper mantle beneath the greater Alpine
region (modiﬁed from Lippitsch et al., 2003). The P-wave velocity distribution is obtained by linear interpolation between inversion cells. Velocity variations are plotted
relative to a 1-D initial reference model determined from absolute travel times for this region. Areas with no ray coverage are masked with gray colors; areas with critical
resolution (diagonal element of resolution matrix is smaller than 0.07) are displayed in pale colors. (a) Horizontal cross-section of teleseismic tomography between 135 km
and 165 km depth. Lower crustal earthquakes within 15 km of the Moho and focal depth larger than 15 km are presented with black circles based on the EMSC earthquake
catalog (January 1998–July 2011). The white contour lines represent the Moho depth (km) of the European respectively the Adriatic lithosphere (Wagner et al., 2012). White
crosses indicate the grid points of the teleseismic tomography. (b) Vertical cross-sections perpendicular to strike of the Central Alps as indicated in (a). Black solid lines
show the European and Adriatic Moho (Wagner et al., 2012). Lower crustal earthquakes of newly derived earthquake catalog within 30 km distance to the proﬁle lines are
presented by gray circles. Crustal structure in the Center Proﬁle (middle) are adopted from the Bergell section in the Central Alps from (Rosenberg and Kissling, 2013).lower continental crust (e.g. Deichmann, 1992; Maggi et al., 2000b;
Jackson, 2002; Jackson et al., 2008). The assumed corset-like struc-
ture of this model is formed by thin maﬁc to ultramaﬁc, sill-like
intrusions and dykes with high strength surrounded by mechan-
ically weaker, high-grade felsic rocks (Meissner and Kern, 2008).
Within the strong, maﬁc to ultramaﬁc network the occurrence
of lower crustal earthquakes up to bulk temperatures of at least
500 ◦C (Weertman, 1970; Ohnaka, 1995) would be possible, if the
crust was exposed to high differential stresses like those evoked
by tectonic forces. Meissner and Kern (2008) assumed that the ori-
gin of this tectonic stresses is the NW–SE compression between
the Adriatic and European plates. This assumption, however, dis-
agrees with our results of a higher consistency in the orientation
of the extensional T-axes than the compressional P-axes of the fo-cal mechanisms in the northern foreland of the Central Alps (given
in Kastrup et al., 2004; Deichmann, 2012; Marschall et al., 2013;
Diehl et al., 2013). If the stress ﬁeld of the Central Alps and its
foreland were dominated by the convergence of the two plates,
the orientation of the P-axes of the focal mechanism are expected
to be more consistent (Fig. 7b).
The present convergence rate in the Central Alps is rela-
tively small (1–2 mm/yr) (Calais et al., 2002; Sue et al., 2007b;
D’Agostino et al., 2008) and comparable to the isostatic uplift rate
(Champagnac et al., 2007; Serpelloni et al., 2013). These low con-
vergence rates indicate a mostly locked subduction–collision zone
in the Central Alps and not an ongoing dominant convergence. We
correlate this post-collision tectonic state of the Central Alps and
the highly consistent arc-parallel orientation of the T-axes in the
52 J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56Fig. 9. 2-D thermo-mechanical model of slab detachment and rollback during continental collision using a rheologically layered crust (Duretz and Gerya, 2013). (a) Spatial
distribution of lithological phases after slab detachment depicting the structure of the collision zone as well as the position of both oceanic and continental slabs. The white
contours indicate isotherms (200 ◦C spacing), the reader is referred to Duretz and Gerya (2013) for detailed color information. UC: upper crust; LC: lower crust; ML: mantle
lithosphere. (b) Location of brittle deformation (Mohr–Coulomb) after slab detachment, the colors correspond to the second strain rate invariant. The dotted line in the zoom
marks the area of potential lower crustal earthquakes. Panels (c) and (d) show the time evolution of the second deviatoric stress tensor. White contours indicate lithological
groups (crust, mantle lithosphere and asthenosphere) and black bars shows the orientation of the minimum principal stress (most compressive). Before detachment of the
oceanic fragment, the slab is negatively buoyant and extensional stresses are thus focused within its extrados. As stresses get transmitted along the slab, the foreland is as
well under an extensional state of stress (Fig. 8a). After detachment (d), the slab pull drastically diminishes whereas buoyant stresses generated by the previously subducted
continental crust remains large (Duretz and Gerya, 2013). This conﬁguration triggers concentration of compressional stresses within the lower crust in the foreland. See also
movie in the online supplementary material.European lower crust with the slab rollback model proposed by
Sue et al. (1999) and Kissling (2008). In this model, the subducted
European slab is pulled down by the negative buoyancy force of
the mantle lithosphere, forcing the positively buoyant crust to de-
laminate near the Moho to form the thick crustal root (Fry et al.,
2010).
The positive buoyancy force of the lower crustal root and the
negative buoyancy force of the topographic load are transferred
and transformed from a near vertical to a horizontal compres-
sional stress in the foreland, orientated perpendicular to the Alpine
arc (Fig. 9). The combination of the primary compressional stress
axis arc-perpendicular and the secondary stress axis sub-vertical
yields the arc-parallel orientation of the extensional axis. This coin-
cides well with the observed arc-parallel orientation of the T-axes
shown in Fig. 4b relating to the predominantly strike-slip fault-
ing mechanisms. In locations where the compressional stress in
the lower crust is less dominant and smaller than the vertical
lithostatic stress, normal faulting is expected, but with the same
arc-parallel orientation of the smallest major stress axis, the T-axis,
like for the strike-slip mechanisms. Hence, the strong buoyancy
forces of the crustal root and topographic load in combination with
a strong dynamic coupling of the slab with its adjacent foreland
as shown in Fig. 10 can explain the highly consistent orienta-
tion of the T-axes of the observed focal mechanism in combina-
tion with the occurrence of strike-slip faulting and normal fault-
ing.4.2. 2-D numerical models of slab rollback in a continent–continent
collision
2-D thermo-mechanical modeling of a continent–continent col-
lision (Fig. 9) including speciﬁc rheologies for the major layers of
the continental lithosphere (Duretz and Gerya, 2013) suggests en-
hanced tectonic stresses in the subducting plate transferred from
the subduction zone to the foreland. In these numerical models,
where continental lithosphere is subducted beneath another conti-
nental lithosphere in a continent–continent collision, dynamics are
driven only by internal body forces without additional compres-
sional forces after the collision started (Duretz and Gerya, 2013).
This allows modeling more realistic dynamics and corresponding
tectonic stresses of subduction slab rollback and slab break-off
mechanisms. Originally, the predominant forces are slab pull of
the subducting oceanic lithosphere. When the continental litho-
sphere (like the European lithosphere) enters the subduction zone,
the system changes to a continent–continent collision and the
subduction becomes almost stagnant with the oceanic lithosphere
slab strongly pulling at the continental lithosphere and forcing the
subducted continental crust to delaminate from the mantle litho-
sphere.
Prior to the detachment of the subducted oceanic mantle slab
from the continental slab, the entire slab dips nearly vertically
into the asthenosphere (Fig. 9c). High stresses are focused in the
mantle lithosphere of the subduction zone. Beneath the foreland
both crustal layers are inﬂuenced by the slab and show elevated
J. Singer et al. / Earth and Planetary Science Letters 397 (2014) 42–56 53Fig. 10. Conceptual models of large-scale structures and their dynamics in the Alpine arc and in particular in the Central Alps. (a) 3-D model of European lithosphere structure
in the Alpine arc based on mantle tomography (Lippitsch et al., 2003), the Adriatic plate in the South is not shown. The European lithosphere is presented by the dark green
plate. The dashed blue line indicates the coastline of the Mediterranean Sea and the red box the cross-section of the model in (b). (b) Sketch of rollback of the European
slab beneath Central Europe, the corresponding tectonic forces (gray arrows) and stresses (black arrows). White dashed lines indicate potential fracture patterns and white
‘beach balls’ show potential focal mechanisms in top view. The colored ‘beach ball’ demonstrates the associated orientation of the T-/P-axes for the predominant strike-slip
mechanisms.stresses, however they are signiﬁcantly lower than for the strong
underlying mantle lithosphere. Such a geometry of a nearly ver-
tical 170 km long slab is expected at 10◦E beneath the eastern
end of the Central Alps (Fig. 8a and Lippitsch et al., 2003). In the
northern foreland of this region (in South Germany) lower crustal
earthquakes occur based on the EMSC catalog (Figs. 1 and 8a), but
less regularly compared to the Swiss foreland further east.
Eventually, the oceanic part of the slab detaches and thus the
slab pull is signiﬁcantly reduced. This almost immediately causes
a major change in the stress regime in the continental (European)
plate reaching well into the foreland (see movie in the online sup-
plementary material). After the detachment of the oceanic slab
from the continental mantle slab at around 300 km depth, the
stresses in the crust and mantle lithosphere are higher and the
lithospheric slab dips less steep into the asthenosphere (Figs. 9a,
9b and 9d). In this stage of the continent subduction with slab roll-
back, the yield strength of the Mohr–Coulomb plasticity in parts of
the lower and upper crust is exceeded as shown in Fig. 9b. This co-
incides with the peculiar occurrence of lower crustal earthquakeswithin 100 km of the northern front of the Central Alps shown
by the EMSC locations in Fig. 8 and the high-precision relocations
in Fig. 4a.
In Figs. 9b and 9d the numerical models show a strong, dy-
namic coupling of the subducted lithospheric with the adjacent
foreland for stresses and strain rates which conﬁrms the pro-
posed stress transfer from the orogenic root towards the foreland
(Fig. 10). The dynamic coupling is more pronounced for the gen-
tly to steeply and shorter slab, and agrees with the variable in-
tensity of the lower crustal seismicity represented in the EMSC
catalog in the northern foreland of the Central Alps and the Cen-
tral to Eastern Alps. Moreover, for the nearly vertically long dip-
ping slab the compressional stress axes in the foreland are neither
horizontal nor arc-perpendicular like shown by the focal mecha-
nisms (Fig. 4b), instead the foreland and the bending slab show
a consistent extensional stress pattern (Fig. 9c) like observed in
the shallow Benioff–Wadati of a typically oceanic lithosphere sub-
duction beneath southern Alaska (Kissling and Lahr, 1991). After
the detachment of the oceanic fragment and the initiation of the
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stresses generated by the previously subducted continental crust
remains large (Duretz and Gerya, 2013) and transmitted as com-
pressional stress to the foreland (horizontal alignment of major
compressional stress axis in Fig. 9b, see also movie in the online
supplementary material). This coincides well with the orientation
of the P-/T-axes of the observed focal mechanisms and emphasize
the importance and inﬂuence of the slab rollback mechanism on
the regional stress ﬁeld in the foreland.
The lithospheric rheology of the 2-D numerical models is
strongly simpliﬁed and does not reﬂect the proposed complex,
high-strength network of the European lower crust composed
of a maﬁc to ultramaﬁc material (Holliger and Levander, 1994;
Meissner and Kern, 2008). In the numerical models, the upper
crust is composed of quartzite with an underlying lower crust of
plagioclase (An75) and a peridotitic mantle (Fig. 9a) (Duretz and
Gerya, 2013). The brittle yield-strength according to the Mohr–
Coulomb criteria (Fig. 9b) in the upper mantle lithosphere of the
2-D models, however, is not reached and no mantle earthquakes
are expected, which agrees well with our high-precision hypocen-
ter locations. In the mantle lithosphere the resulting strain rate
(∼10–20 s−1) is ﬁve orders of magnitude lower than in the lower
crust (∼10–15 s−1) despite the stress being one magnitude larger.
For the peridotitic mantle the brittle yield strength is signiﬁcantly
higher. Moreover, the transition to a ductile behavior of the lower
crust in the subduction zone at around 35 km depth (Fig. 9b)
agrees well with the observed shutdown of lower crustal seis-
micity beneath the Alpine front as shown by our relocations in
Fig. 4b.
Although the numerical models are limited to two-dimensions,
the assessment of comprehensive stresses and strain rates within
the subducted lithosphere and the adjacent lithosphere in the fore-
land of the Central Alps caused by the slab rollback are represen-
tative. The gently to steeply dipping European slab beneath the
Central Alps represents a large-scale regional structure as shown
in Fig. 8a, with a width of around 100 km in the complex 3-D
lithospheric geometry of the Alpine arc.
In comparison to the imaged geometry and size of the Euro-
pean slab beneath the Central Alps (Lippitsch et al., 2003), the
length of the continental slab after the detachment of the oceanic
part (Figs. 9a, b and d) is around 100 km longer. Nevertheless,
the additional weight of the slab in the 2-D models can be as-
signed to the respective weight of the attached part of European
slab in the West. This part of the European slab is already de-
tached from the upper lithospheric structures of the Western Alps
(Fig. 8a) and is only connected to the slab in the Central Alps
(Lippitsch et al., 2003). Besides this spatial representativeness of
the numerical models, the duration of the oceanic subduction, last-
ing for 40 Ma and the following onset of the continent–continent
collision in general agrees with the approximate evolution of the
Alpine collision (Schmid and Kissling, 2000).
The geographical distribution of earthquakes in the lower crust
of the northern Alpine foreland and the absence of seismicity
in the underlying mantle lithosphere corresponds well with the
model of stress transfer from a slab rollback of the European slab
in the Central Alpine subduction zone into the northern foreland
(Fig. 8). The relative moderate bending of the European lithosphere
under signiﬁcant load and a strong opposing buoyant stress im-
plies a signiﬁcantly high elastic strength of the mantle lithosphere
and a strong mechanical coupling of the lower crust to the mantle
lithosphere.
4.3. Focal depth distribution related to lower crustal characteristics
Besides the conﬁrmation of an aseismic European mantle, the
systematic high-precision relocation reveals a rather homogeneousdepth distribution of lower crustal earthquakes beneath the north-
ern foreland of the Central Alps with a possible exception of clus-
tering at the transition zone between upper and lower crust. The
observed clustering of the 104 precisely relocated earthquakes at
the Conrad discontinuity, if taken as representative for all 471
lower crustal earthquakes in this region, might indicate the less
strong mechanical coupling of the two crustal layers. In addition,
an enhancement of metamorphic processes related to α–β quartz
transition in metapelites (Zappone and Benson, 2013) at this depth
might be possible and promote brittle failure respective the occur-
rence of earthquakes. Our relocations further conﬁrm individual
earthquake clusters with similar fault planes in the lower crust
(Figs. 4 and 7) suggesting a possible interrelation among those
earthquakes. Another reason for the clustering could be the pres-
ence of high-pressure ﬂuids in the lower European crust. Addi-
tional evidence for high-pressure ﬂuids are relatively low P-wave
velocities of 6.2–6.4 km/s in the lower crust (Holliger and Kissling,
1992; Ye et al., 1995; Diehl et al., 2009a). Based on petrophysical
laboratory experiments the relatively low P-wave velocities could
be assigned to the presence of ﬂuids from dehydration reaction of
metapelites (Zappone et al., 2006). The high strength of the maﬁc
to ultramaﬁc network in the lower European crust proposed by
Meissner and Kern (2008) is compatible with high-pressure ﬂu-
ids, which might enhance plastic instabilities between the highly
heterogeneous layers of the network and the relatively weak sur-
rounding lower crust. Due to the multiple and irregularly aligned
layers of sill-like intrusions (Meissner and Kern, 2008), the lo-
cations of earthquakes are expected to occur at variable depths
throughout the lower crust. Nevertheless, the occurrence of small
local earthquake clusters is likely. At the Rhine Graben around
Basel with its inherited, pre-existing deep crustal faults an in-
teraction of these graben structures with the transferred tectonic
stresses from the subducted European slab might lead to the en-
hanced lower crustal seismicity in this region.
5. Conclusions
High-precision hypocenter locations of lower crustal earth-
quakes and focal mechanism characteristics beneath the northern
Alpine foreland of the Central Alps in combination with numerical
models of continent–continent subduction show a strong correla-
tion of the occurrence of these earthquakes with large-scale geo-
dynamic processes. Deep earthquakes beneath the northern Alpine
foreland of the Central Alps are conﬁned to the lower crust and
their geographical distribution correlates well with the lateral ex-
tension of the gently to steeply dipping European slab beneath
the Central Alps. The subducted European slab beneath the Cen-
tral Alps has a length of about 120 km (Lippitsch et al., 2003)
that controls the post-collisional large-scale lithospheric dynamics
of the Alps by slab rollback. Based on 2-D numerical modeling, we
propose a dynamic coupling and stress transfer in the lithosphere
from the slab, crustal root and topographic load beneath the Alps
to the northern foreland. Such a tectonic stress transfer leads to a
locally enhanced regional stress ﬁeld in the lower and upper crust
beneath the foreland with a compressional component perpendic-
ular and an extensional component parallel to the strike of the
Central Alps. This agrees well with the consistent T- and P-axes
patterns in the foreland of the Central Alps and with the proposed
maﬁc to ultramaﬁc ‘corset’ model for the lower European crust by
Holliger and Levander (1994) and Meissner and Kern (2008). The
presence of high-pressure ﬂuids in the lower crust seems likely
and in combination with the high strength network it would ex-
plain the peculiar rheological characteristics of the lower European
crust. The key role in the occurrence of lower crustal seismicity in
the northern foreland of the Alpine arc, however, seems to be the
stress transfer from the European slab into the foreland.
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